INTRODUCTION
CIE, International Commission on Illumination, defined the CIELAB colour space in 1976 which was indented to be a visually uniform one. The space was characterized by three axes that represented the three colour coordinates which were lightness (L*), red-green (a*) and yellow-blue (b*) together with two supplementary colour related terms of chroma (C*) and hue angle (h°). After the calculation of the three tristimulus values (X, Y, and Z) under specified illumination and viewing conditions, they are used as the computing components in the calculation of colour coordinates to designate the place of the colour in CIELAB colour space. Together with the definition of CIELAB colour space, CIELAB (1976) colour difference formula was developed to calculate the colour difference between two colours in the space.
However, CIELAB colour space is not truly visually uniform which means that equal colour difference magnitude appear of different visual magnitudes in different regions of the colour space. When the difference between two colours are calculated by CIELAB colour difference formula, the formula calculates the linear (Euclidean) distance between the two points in the CIELAB colour space by using the three colour coordinates of L*, a* and b*. Because of the non-uniformity of the CIELAB colour space and the setup of CIELAB (1976) formula, the colour difference obtained is free from human eye sensitivity. Human eye is sensitive to different kinds of changes in the shade(s) under observation. Human visual system perceives the differences in different magnitudes even though they may have the same colour difference calculated by CIELAB (1976) 
Dependence of colour difference formulae on regular changes of colour coordinates in CIELAB colour space
Four colour difference formulae [CIELAB (1976) , CMC (2:1), CIE94 (2:1:1) and CIEDE2000 (2:1:1)] were assessed in CIELAB colour space for regular changes in colour coordinates. L*, a* and b* coordinates were changed regularly both as increasing and decreasing steps in different lightness and hue regions of the colour space. The dependence and consistency of the four formulae were researched depending on regular and constant colour coordinate changes. The aim of the empirical study was to determine if there could be a possibility of using different colour difference formulae in different hue regions of CIELAB colour space; in the region of bulk that each formula would give the best fitting and the most reliable results. The empirical study was carried out by using a special software which was prepared for the purpose. The results showed that CIELAB and CIE94 gave corresponding results with each other in the computing ranges. All the formulae showed different computing characteristics in the computation ranges. CMC formula gave the highest colour differences when computing near the grey point. It was concluded that CIEDE2000 formula suited itself the best according to the changes in computing steps. A more complicated software would be necessary to determine the sensitivity of the formulae by which the computing would be performed by changing all the coordinates (L*, a* and b*) at the same time.
Keywords: CIE, colour difference formula; CIELAB; CMC; CIEDE2000; CIE94 formula. For this reason, the same vector distance may not be perceptually the same for all colours. A perceptually uniform colour space is the one in which Euclidean distances highly agree with perceptual colour differences. Originating from the problem of inconsistency of calculated and visual colour differences, advanced colour difference formulae were developed which were based on the modification of CIELAB [1] . New colour spaces like CIELAB and colour appearance spaces like CIECAM02 were researched in recent years [2] [3] . But perceptual uniformity of these spaces were found insufficient for various applications so that new colour difference formulae were developed and standardized, such as CMC [4] , CIE94 [5] and CIEDE2000 [6, 7] . Visual experiments showed that the CIECAM02 space was also not perceptually uniform and new colour difference formulae could be applied to enhance the correlation to the visual data. The scientific approach related with this subject was well established by Urban et al. Papers were published to discuss the new formula CIEDE2000 [8] [9] [10] [11] [12] [13] .
Human visual system is sensitive to naturals and high-chroma colours depending on their lightness and chroma values. But the sensitivity is ruled in different characteristics in different parts of the CIELAB colour space and on a*-b* colour plane. For this reason, determination of the exact combination and point of hue angle and its related chroma of a colour on a*-b* colour plane is important in the calculation of colour difference. The advanced colour difference formulae differ from each other in the way of more precise calculation of chroma and hue differences in CIELAB colour space. Colour is very important for human life because human beings have their own individual colour choices in every phase of daily life. In textiles, uniform colour is important especially in plain garments because these garments are made of many different parts which were cut in preparation and later associated to each other by means of sewing. But each part cannot be chosen from the same area but collected from different parts of the whole fabric depending on the applications which are carried out by ready cloth making industry. For this reason there is a need for a precise colour difference formula for colour matching. Questions arise which formula should be used according to different magnitudes in industrial applications or it would be possible to use a hybrid system to deal with different colour difference changes [14] . Evaluation of colour difference formulae for different colour-difference magnitudes were carried out by researchers. Wang et al. found that colour-difference formulae performed significantly different when applied to estimate large and small colour differences. They extended the CIE recommended colour space model, CIECAM02, to form three new uniform colour spaces, CAM02-SDC, CAM02-LCD and CAM02-UCS, for estimating small-, large-, and overall ranges of colour differences respectively [14] . Xu et al. tested CIELAB-based colour-difference formulae using large colour differences [10] .
Melgosa published testing results of CIELAB-based colour difference formulae [15] . Kandi and Tehran investigated the effect of fabric texture on the performance of colour difference formula [16] . Becerir discussed the differences between CIEL*a*b* and Hunter L, a, b colour coordinates by wash fastness tests [17] . Sennaroglu et al. used CMC formula in accordance with artificial neural network. This paper researched the responses of four colour difference formulae in different lightness and hue regions of CIELAB colour space and tried to investigate the consistency of the formulae from small to very large colour differences.
MATERIALS AND METHODS
Dependence of colour difference formulae on regular changes of colour coordinates in CIELAB colour space was researched by a specially prepared software. The software was prepared by using C# programming. Colour difference formulae were prepared as Excel worksheet and they were used as the computation references in the software. The software prepared the results again in Excel worksheet between the preferred limits of coordinates. In order to make a better graphical presentation, four or five results were omitted in the related figures otherwise a black line was obtained for each formula which enabled to make differentiation between lines and curves. The Table 1 start points presented in tables 1 and 2 were taken as the "Reference" colour in computing. "Sample" colours were the ones which were obtained by regular step increases or decreases in the corresponding coordinates.
RESULTS AND DISCUSSION
Dependence of four colour difference formulae on regular changes in lightness (L*) coordinate was assessed in figures 1 and 2 for different start and end points. Lightness coordinates were changed between 0 and 100 at the point of a*=b*=1. Coordinates were increased and decreased by 0.25 units at regular steps in the corresponding figures. Start and end points of the lightness coordinate were presented in table 1 for the corresponding figures.
Colour difference results were calculated between L*=20 and L*=95 by 0.25 units of increases and decreases in figures 1,a and 1,b respectively. L*=20 coordinate was chosen as the minimum lightness coordinate because of the computing rule of CMC formula at L*=16. Colour difference results were computed between L*=50 and L*=100 by 0.25 units of increase in figure 2, a and they were computed between L*=50 and L*=0 by 0.25 units of decrease in figure 2 , b. An overall discussion of the computed colour differences which were presented in figures 1 and 2 showed that colour difference results obtained by computing according to CIELAB, CMC and CIE94 formulae resulted in linear matching (a line) while computing according to CIEDE2000 formula resulted in a curve matching (ascending or descending).
Computing according to CIE94 formula gave almost the half results of computing according to CIELAB formula in figures 1 and 2. Computing according to these two formulae were insensitive to regular increases or decreases at the lightness coordinate. They always retained their corresponding own values although the computing ranges changed in opposite directions in figures 1, a -1, b and figures 2, a -2, b.
In figures 1, a and 1, b, the colour difference computing was performed in opposite directions (increasing or decreasing steps) between L*=20 and L*=95. Both CMC and CIEDE2000 formulae gave two distinctly different results of their own although only the start and end points had changed on lightness axis. CMC results were very high in figure 1 , a but they were the lowest in figure 1, b . Computing according to CIEDE2000 formula gave two different polynomial curves.
In figures 2, a and 2, b, CIEDE2000 formula gave the same results in the computing ranges. CMC formula would also give the same results in the computing ranges in figures 2, a and 2, b as understood from its' lines in the figures but because of its' formula specialty at L*=16, a step increase was obtained in figure  2 , b at the computing point of L*=16. CIELAB and CIE94 results were consistent with lightness changes in the different computing ranges presented in figures 1, a -1, b and figures 2, a -2, b. CMC and CIEDE2000 results were even when computing was performed from L*=50 to L*=100 (figure 2, a) and from L*=50 to L*=0 ( fig. 2, b ). But the characteristic of their results changed considerably when computing was performed between L*=20 and L*=95 (figures 1, a -1, b) both in increasing and decreasing steps. Dependence of the four colour difference formulae on regular changes of red-green (a*) and yellow-blue (b*) coordinates were assessed in figures 3 - 7 for different hue regions and start and end points. Lightness (L*) coordinate was taken as L*=50 constant in all computations so that all the calculations were conducted on a*-b* colour plane at L*=50. a* and b* coordinates were increased or decreased by 0.30 units between start and end points in the four sub-regions (hue regions) of a*-b* colour plane. The computing results were presented in the corresponding figures.
The computing was conducted in the second hue region (90°-180°) of a*-b* colour plane at increasing and decreasing steps in figures 3, a and 3, b respectively. Linear results were obtained by CIELAB formula while polynomial results were obtained by the other three formulae. CIELAB and CIE94 formulae gave the same results of their own in figures 3, a and 3, b. CMC and CIEDE2000 gave two different polynomial curves of their own although only the computing direction had changed. The highest colour difference results were obtained by CIELAB when computing was performed in increasing steps in figure  3 , a while the highest colour difference results were obtained by CMC when computing was performed in decreasing steps in figure 3 An overall consideration of figures 3 - 4, where a* and b* coordinates were increased and decreased at constant steps on the second and on the fourth hue regions of a*-b* colour plane, showed that the same linear equation was obtained for CIELAB in all computing indicating that CIELAB formula was consistent to computing in any hue area of the CIELAB colour space either the computing was performed at constant increasing or decreasing steps. This fact had been already known in colour science because of the regular computing (calculation) characteristic of the CIELAB formula. Similar to CIELAB results, CIE94 formula gave the same results of its own in the corresponding figures 3 - 4. CIE94 formula gave results which indicated that it was insensitive to computing in regular increasing and decreasing steps in the second and the fourth hue regions of a*-b* colour plane. On the other hand, CMC formula was sensitive to the second and the fourth hue regions and to regular increasing and decreasing steps in the corresponding figures of 3 - 4. However, CMC formula gave almost the same results when computing was performed in the second hue region of a*-b* colour plane according to increasing steps ( The computing characteristics of the four formulae changed considerably in the four hue regions not only depending on the colours (hues) in the region but also on the way of calculation of colour differences either in increasing or decreasing steps.
Studies are being carried out by researchers on real colours and real observers to make a final conclusion about the choice of the most reliable formula but this research revealed that the continuity of the computing characteristics of the âformulae in CIELAB colour space were also important. Depending on the computing results presented in this paper, it was concluded that CIEDE2000 formula suited itself the best according to the changes in computing steps.
C O N C L U S I O N
The purpose of this paper was to research the computing characteristics of the four colour difference formulae according to regular coordinate changes in the CIELAB colour space. The computing applications were made on lightness axis and on four hue of the space. This research tried to find a possible answer if it would be suitable or convenient to use different colour difference formulae in different hue regions of CIELAB colour space. The computing revealed that CIELAB formula was insensitive to regular lightness and hue changes in the colour space and always linear character of colour difference was obtained. CIEDE2000 always gave polynomial results wherever the computing was carried out. The most differing colour difference results were obtained by CMC and CIELAB2000. Especially CMC formula showed distinct differences when computing changed from regular increases to regular decreases or vice versa in different hue regions. It could be stated that the more the results of a colour difference formula dif-fer according to computing regions of a*-b* colour plane the more sensitive the formula to the changes in hue differences. If this statement could be considered as true, then CMC and CIEDE2000 formulae would be judged as the most sensitive colour difference formulae to regular changes in hue. However, CMC gave very distinct values especially when the computing directions changed. CIEDE2000 formula resulted in more even results than the others and implied that it could suit itself to the computing areas and directions better than the others.
